ABSTRACT The effects of physical exercise and normalization of serum lipoproteins on stressinduced myocardial ischemia were studied in 18 patients with coronary artery disease, stable angina pectoris, and mild hypercholesterolemia (total serum cholesterol 242 + 32 mg/dl). These patients underwent a combined regimen of low-fat/low-cholesterol diet and regular, supervised physical exercise at high intensity for 12 months. 
REDUCTION OF DIETARY FAT consumption, weight reduction in overweight patients, and regular physical exercise are the mainstays of nearly all rehabilitation programs advocated for patients recovering from myocardial infarction or suffering from symptomatic coronary artery disease. Improved tolerance of physical stress and elevation of the anginal threshold are observed quite regularly and support the validity of this concept. The mechanisms underlying these salutatory effects are thought to be largely based on peripheral adaptations such as enhancement of capillary density in the muscle fibers recruited during training, 1 and an increase in maximal arteriovenous oxygen difference.2,3 It remains a question of dispute whether this form of therapy also affects the course of the atherogenic process itself and ultimately improves compromised myocardial perfusion.
Studies in experimental animals indicate that progression of coronary atherosclerosis may be halted or even reversed by normalization of serum lipoproteins. 4 Moreover, intervention studies in patients with hyperlipidemia were successful in lowering the incidence of myocardial infarction and retarding progression of coronary atherosclerosis, suggesting that this concept may also be applicable to man.5 '6 The present study was undertaken to test the hypothesis that a combination of lipid-lowering measures and regular physical exercise may not only increase exercise tolerance by means of peripheral adaptations, but actually improve myocardial perfusion in patients with symptomatic coronary artery disease. The rationale for CIRCULATION the use of these measures simultaneously was that progression of coronary arteriosclerosis might be retarded by marked lowering of atherogenic serum lipoproteins, while antiatherogenic high-density lipoproteins (HDLs) and collateralization would be stimulated by frequent physical stress just below the anginal threshold.7->l Evaluation of the results was based on the assumption that improvement of myocardial perfusion should result in reduction of stress-induced ischemia despite constant or even increased myocardial oxygen consumption.
Methods
All male patients undergoing coronary angiography for stable angina pectoris at the University of Heidelberg Medical Center between May 1983 and May 1984 were considered for inclusion in the study. Exclusion criteria were physical handicaps precluding regular exercise, previous coronary bypass surgery or percutaneous transluminal coronary angioplasty, left main coronary artery disease, unstable angina pectoris, severely depressed left ventricular function (left ventricular ejection fraction <35%), congestive heart failure, valvular heart disease, uncontrolled hypertension, insulin-dependent diabetes mellitus, primary hypercholesterolemia (type II hyperlipoproteinemia, low-density lipoprotein >210 mg/dl), and alcoholism, as well as other disabling illness.
Patient selection. Patients were asked to participate in the study for at least 1 year. To reduce the mileage patients in the intervention group were required to travel regularly, assignment to either group was based on the distance between the patient's permanent residence and the hospital. Nineteen patients whose residences were within 20 km of the hospital were assigned to the treatment group. From those patients living at a greater distance, 19 were matched with respect to the severity of coronary artery disease (Gensini score) and age. For details of patient characteristics see table 1.
During the study period there was one dropout from the intervention group; this patient's physical work capacity had improved considerably during treatment, and since he was no longer symptomatic, he elected to drop out of the study at Control  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  Mean  SD   45  55  45  49  47  61  50  44  48  48  55  49  57  52  45  34  62  48  50   7   52  48  53  53  42   59  59   47  52  53  55  56  61  56  52  42  54  48  52   5   RCA, LAD  RCA, LAD, LCX  LAD  RCA  LAD  LCX  RCA, LAD, LCX  LCX  RCA, LAD  LAD  RCA, LCX  LAD, LCX  RCA, LAD  LAD, LCX  LAD  RCA, LCX  RCA, LAD, LCX  LAD, LCX   RCA, LCX  LAD, LCX  RCA  LAD, LCX  RCA, LAD, LCX  RCA, LAD  RCA, LAD, LCX  RCA, LAD, LCX  RCA, LAD  RCA, LCX  RCA, LAD  LAD  RCA, LCX   LAD  LAD, LCX  LAD  RCA, LAD, LCX  LAD, LCX   10  49  9  9   S   15  59  16  28  8  24  9  47  16  22  13  40  11  22  16   9  43  8  9  4  22  49  12  27  19  26  2  37  24 program stayed on a metabolic ward for the initial 3 weeks of the intervention program to adjust to the low-fat diet and to regular physical exercise. They attended information sessions together with their spouses. During these sessions they were instructed how to lower the fat content of their regular diet consumed at home and how to lose excess weight and about the necessity of physical exercise. On the metabolic ward patients were served a low-fat, lowcholesterol diet (protein 15%, carbohydrates 65%, fat <20 energy %, cholesterol <200 mg, polyunsaturated/saturated fatty acids ratio >1). Caloric intake was reduced for overweight patients. Patients were instructed to continue this diet after discharge from hospital, and adherence was monitored by a dietitian using dietary protocols on each subsequent visit. Metabolic variables were reassessed during follow-up visits every 3 months.
Exercise program. Since all patients had symptomatic coronary artery disease, initial training sessions were conducted individually under close supervision on the metabolic ward for the first 3 weeks. Patients exercised six times daily for periods between 5 and 15 min on a bicycle ergometer. Workloads were adjusted so that 75% of the symptom-limited maximal heart rate was reached. On discharge from the hospital patients were loaned bicycle ergometers; they were expected to use them twice daily for a total of 30 min. In addition to individual exercise, group training sessions were conducted twice weekly. Each session lasted for 60 min and consisted of jogging, light gymnastics, and ball games.
Antianginal medications, including nitrates, 13-blockers, and calcium blockers were prescribed as necessary (see table 4); changes in medications and dosages were held at a minimum; lipid-lowering drugs were not part of the regimen. Patients were seen at 3 month intervals for assessment of body weight and metabolic variables and stress testing.
Control group. Patients assigned to the control group were admitted to the metabolic ward for 1 week for initial evaluation. They were seen at 3 month intervals for stress testing and metabolic assessment. A total of 38 patients were recruited for the intervention trial; since one patient dropped out during the study, he and his matched pair had to be excluded from the final evaluation. The mean age of the remaining 36 patients was 51 ± 6 years, and all patients had angiographically documented coronary artery disease: 1 1 patients had one-vessel disease, 18 had two-vessel disease, and seven had three-vessel disease. Severity of coronary artery disease, as assessed by the Gensini score, was 22 + 16 points. Twenty-five patients had previously suffered myocardial infarctions. Left ventricular ejection fraction was 55 ± 9%. Before entering the study patients had consumed an average of 22 pack x years of cigarettes; there were only five nonsmokers among all patients recruited for the study, two in the control group, three in the treatment group. After recruitment all but three patients (Nos. 25, 26, and 29) in the control group stopped smoking. The intervention group and the control group were comparable with respect to relevant characteristics such as age, severity of coronary artery disease, left ventricular performance, number of previously sustained myocardial infarctions, and metabolic variables.
Incidence of acute myocardial infarction during study.
During the observation period two patients in the control group suffered a nonfatal acute myocardial infarction (Nos. 24 and 31). After recovery patient 24 underwent aortocoronary bypass surgery for refractory angina pectoris, and therefore his data were excluded from further metabolic and hemodynamic analysis. In the control group body weight and HDL remained essentially unchanged, whereas cholesterol increased .900
-135°F IGURE 4. Change in rate-pressure product vs change in ischemic area. The change in rate-pressure product within the observation period is plotted against change in ischemic area. Patients taking part in the intervention are denoted by closed circles, control patients by triangles. In the intervention group the ischemic area decreased significantly despite improvement in the rate-pressure product. In the control group the ischemic area tended to increase, while the rate-pressure product remained essentially unchanged.
icant improvement of symptom-limited rate-pressure product. With myocardial oxygen supply being unchanged one would expect that an increase in myocardial oxygen consumption would be associated with a commensurate increase in myocardial ischemia. Actually, those patients with large, stress-induced perfusion defects and marked anginal pain seemed to benefit most from this intervention. Patients with initially small perfusion defects or with predominantly scar tissue showed some improvement in their PWC while changes in stress-induced myocardial ischemia and maximal rate-pressure product were less impressive. These results are supported by a recently published study in which high-intensity training without metabolic intervention resulted in significant improvement of left ventricular performance during exercise, probably due to improvement in myocardial oxygenation. 25 In addition to improved myocardial perfusion, patients in the intervention group also demonstrated the well-known cardiovascular adaptations to regular physical exercise, including lowering of resting heart rate (-7%) and SBP (-8%) and a 21% increase in PWC. Patients further reported a declining frequency of stress-induced angina pectoris and a decreasing need for antianginal pain medications during the training sessions; the use of /3-blockers tended to decrease.
In the control group, the maximal rate-pressure product and the degree of ischemia remained essentially unchanged. Two patients suffered an acute myocardial infarction during the observation period, which was suggestive of progression of coronary artery disease.
The results of this study were not based on coronary angiographic findings at 1 year; therefore no conclusions can be drawn regarding progression or regression of coronary artery disease, and the underlying mechanism leading to improvement of myocardial perfusion cannot be identified, although several factors might be considered as explanations. As would be consistent with previously published studies, it is not unlikely that normalization of serum lipoproteins retarded progression of coronary artery disease.5 6A number of factors might be involved in improving myocardial perfusion during stress. Observations in dogs and in a small number of patients indicate that collateral vessels may be recruited, not only secondary to the obstruction of the native circulation, but also as a result of regular physical stress in the presence of partially obstructed coronary arteries.9-' Further studies, however, have been unable to reproduce these results in patients with coronary artery disease.26 27 Training intensities in these studies were relatively moderate, and probably lower than training requirements in the present protocol, in which patients exercised more frequently and on a higher level of intensity, close to the anginal threshold. Particularly during the first months after entering the intervention program, nearly all patients reported anginal pain quite regularly during training sessions. In one study the maximal attainable rate-pressure product remained unchanged after a 7 month experimental training period, and microspheres injected at rest did not indicate an efficient collateral circulation.27 This finding, however, does not totally rule out recruitment of collaterals during exercise. Although compromised by coronary stenoses, the native circulation does provide coronary blood flow at rest in most patients with stable angina pectoris.
Subjects enrolled in this study are probably a representative sample of the majority of patients with coronary artery disease and stable angina pectoris: they were limited by exercise-induced anginal pain that could, however, be controlled by medical therapy. Although physically active they did not engage in any regular training program. On the average they tended to be slightly overweight and their serum lipoproteins were either "normal" or only moderately elevated. Nearly all patients had stopped smoking after sulfering an acute myocardial infarction. During the first 3 weeks of the intervention, patients participating in the program were accommodated on a metabolic ward, primarily to provide close supervision during their frequent exercise sessions and secondarily to initiate weight loss and lowering of serum lipoproteins by strict dietary control. As expected, the greatest changes in weight and lipoproteins were achieved during this period. Some further improvements were gained until the sixth month; thereafter the trend reversed. Although the average levels for cholesterol, LDL, VLDL, and TG stayed well below control, small losses in the previously gained results were noted. The average reductions from 6 to 12 months were -18%
Vol. 77, No. 1, January 1988 for cholesterol, -12% for LDL, -49% for VLDL, and -23% for TG (table 3) . These changes cannot be accounted for by differences in medical therapy, such as the use of /3-blockers or diuretics, which may interfere with lipid metabolism. Comparable changes were noted in drug intervention studies such as the Lipid Research Clinic Primary Prevention Trial5 (study average: cholesterol -8%, LDL -11%), the NHLBI type II coronary intervention study5 (cholesterol -17%, LDL -26%, HDL +8%, TG +28%), and a study published by Nikkili et al.7 (cholesterol-18%, LDL -19%, TG -38%, HDL + 10%). However, patients recruited for these drug intervention trials differed in one important aspect from those in the present study population: the majority had primary hypercholesterolemia (type II hyperlipoproteinemia) with marked elevations in cholesterol. Although significant reductions were achieved by the use of drugs, the average values remained well above the upper limit of normal.
A brief comment relates to the absence of "positive" changes in HDL in the training patients. It is likely that HDL was prevented from rising above control levels by the altered dietary composition. A [31] [32] [33] Since coronary artery disease may progress considerably within an observation period, recruitment of a comparable control group was essential in this study. These patients probably received closer medical attention than regular patients not participating in a study; this assumption is supported by the fact that TGs decreased significantly in this group, which was probably secondary to repeated dietary advice.
Problems of the study. The clinical relevance of this study is limited by the small number of patients involved, which makes extrapolation to the normal clinical setting difficult. Moreover, this form of treatment, i.e., regular physical exercise and a low-fat diet, does not constitute a suitable intervention for a considerable number of patients with coronary artery disease. Only patients with stable angina pectoris who are willing to comply with relatively strict and demanding requirements are likely to benefit from this intervention. Close medical supervision, with frequent informative sessions and regular check-ups on weight, serum lipoproteins, and exercise performance, is essential. In our experience not all eligible patients are willing to go along with this demanding intervention. Some patients are either unwilling to dedicate a significant portion oftheir leisure time to physical activity, or are unable to do so for occupational reasons. This study population, therefore, represents a group of patients whose motivation to actively deal with their illness is probably better than in those patients not participating. For this reason recruitment of a comparable control group was important.
Assessment of stress-induced myocardial ischemia by 201T1 scintigraphy using limited-angle tomography (i.e., seven pinhole tomography) does not yield absolute values for the myocardial volume affected by ischemia. Due to limited z axis resolution, apical cross sections are thinner as compared with cross sections closer to the base of the heart. Propagation of perfusion defects into cross sections that do actually not contain it is another effect of limited z axis resolution. In this study, however, only intraindividual changes were used for assessment of myocardial perfusion, so that inaccuracies were canceled and the effect on the result kept at a minimum.
Regarding the evolution of coronary artery lesions, the study period of 12 
